Fifty Years of Study of S-P-A Systems: Past Limitations and a Future Direction  by Norman, John M.
 Procedia Environmental Sciences  19 ( 2013 )  15 – 25 
1878-0296 © 2013 The Authors. Published by Elsevier B.V Open access under CC BY-NC-ND license.
Selection and/or peer-review under responsibility of the Scientific Committee of the Conference
doi: 10.1016/j.proenv.2013.06.003 
Available online at www.sciencedirect.com
Four Decades of Progress in Monitoring and Modeling of Processes in the Soil-Plant-
Atmosphere System: Applications and Challenges  
Fifty years of study of S-P-A systems: Past limitations and a 
future direction 
John M. Normana,* 
aEmeritus Professor, University of Wisconsin, 1525 Observatory Dr., Madison, WI 53705 USA 
bSecond affiliation, Address, City and Postcode, Country 
Abstract 
Prognostic Soil-Plant-Atmosphere (S-P-A) system models should be made as robust as possible; that is, parameters 
should be independent of variables and constant during applications with similar initial conditions (no calibration). 
However, avoiding calibration requires more cooperation among neighboring disciplines with a commensurate 
increase in time and effort for development. An example is provided to illustrate the unfortunate consequences of 
inadequate cooperation among disciplines. Perhaps institutional disciplinary structures are becoming too overbearing, 
so that scientists are constantly tempted to take shortcuts that make cooperation with colleagues in different 
disciplines more unlikely. If practitioner scientists would rekindle a close relationship with philosophers of science, 
who study the actual conduct of science, a more realistic perspective might evolve to reduce institutional structural 
impediments and connect scientists more closely to the larger community that needs and supports them. Certainly 
persistence would be required to begin and sustain such a process of change.  
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1. Introduction 
The components of the soil-plant-atmosphere (S-P-A) system have been the subject of study for 
centuries, but integration of these components into a whole-system view began in earnest with models on 
digital computers about 50 years ago. A wide variety of S-P-A models exist from leaf-scale to plot-scale 
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one-dimensional models to three-dimensional landscape models to continental-scale models that are 
essentially one-dimensional pixel-patchwork models coupling to remote sensing observations. At one 
time or another during my career I have worked on teams addressing research on all these scales and 
found a common challenge regardless of scale: namely, creating robust models that work without 
"calibration" to specific applications. By "robust" here I mean model formulations with no 'tuneable' 
parameters to adjust predicted outputs to measurements of those same outputs. Two major issues, which 
arise from a common source, seem responsible for creating a significant impediment to progress with 
robust models: first, the well-intentioned desire on the part of many in the S-P-A research community to 
obtain practical applications prematurely, necessitating 'model calibration' to individual crops and sites 
with excessive empiricism and loss of generality, and second, the excessive intellectual inertia within 
bordering disciplines of the S-P-A system that seems to limit interaction and permit inferior models that 
require calibration to persist.  
The well-intentioned race to create models for agricultural practitioners to use resulted in non-robust 
models that often failed to achieve promised potential and ultimately created a backlash from many 
practitioners that continues to impact the perceived usefulness of S-P-A models. How many S-P-A 
models are actually used by growers in agriculture to make planning or day-to-day decisions? Literally 
thousands of these largely empirical models exist for agricultural and hydrological applications, while 
only a handful of more robust models exist. Originally, limited computing power was cited as a reason for 
over-simplicity, but that has not been an issue for more than 20 years, while these over-simplified models 
continue to exist. Currently 'model calibration' is acceptable in some quarters of agricultural research if 
one has at least 3 years of data at one site; however, to me adjusting a few of the myriad of parameters in 
S-P-A models to make the predicted outputs agree with direct measurements of those outputs, suggests 
more complexity in the model than is justified by the available information. Basically, parameters 
should be independent of variables in a prognostic model and constant during the application of 
that model to a similar set of initial conditions; otherwise, prediction will be compromised. 
Therefore, parameters should not be adjusted to get the measurement of a variable to agree with a 
prediction of that variable—a process referred to as 'model calibration'. To avoid having an overly-
complex model, calibration should be avoided and models should be limited to formulations for which all 
parameters can be obtained independently of the model or its application. Stated another way, 'model 
calibration' amounts to converting a 'parameter' to another 'variable' without adding another equation, so 
one has essentially an underdetermined system with more variables than equations. Anyone who has 
solved simultaneous mathematical equations knows that an underdetermined problem does not have a 
unique solution. One reason this robustness criterion has been relaxed is associated with the formidable 
challenge of tapping existing knowledge in neighbouring disciplines; such cooperation introduces 
complications associated with human interactions, which can delay achieving expedient results.  
The science endeavour is stratified into disciplines, which usually have well defined boundaries, strong 
traditions, and often operate with different motivating principles. The issue of disciplinary barriers must 
be confronted by anyone attempting to create a robust S-P-A model. Consider the disciplinary barriers 
encountered by studying the partitioning of rainfall at the soil surface between infiltration and surface 
runoff. Hydrologists, who are most interested in surface runoff, tend to reside in engineering disciplines 
and are motivated by solving a compelling societal problem associated with periodic flooding of rivers; 
whereas, soil physicists, who are most interested in infiltration, tend to reside in soil science or physics 
disciplines and may be interested in practical applications but likely are motivated more strongly by 
curiosity. When hydrologists focus on runoff and soil physicists focus on infiltration without intimate 
cooperation, the tribal-like influence of disciplines is likely to produce a schism in approaches. This may 
mean that evolution of our knowledge in S-P-A studies involves awareness of human behavioural issues 
that we seem to be ignoring completely as we focus on technical details in our specialties. 
17 John M. Norman /  Procedia Environmental Sciences  19 ( 2013 )  15 – 25 
To me the most interesting and difficult science happens at interfaces, and in the case of the S-P-A 
system, disciplinary boundaries among soil scientists, hydrologists, biologists and atmospheric scientists 
happen to coincide with critical physical boundaries or interfaces—leaving study of processes near these 
crucial interfaces in gaps between disciplines. These gaps can slow progress in S-P-A studies and result in 
expedient 'shortcuts' being taken by scientists in individual disciplines; shortcuts that conflict with 
comparable over-simplifications in bordering disciplines because of arbitrary boundary choices. I have 
been tempted to associate contract work for pay, which pressures investigators to obtain results that meet 
some immediate commercial or societal need, with inferior formulations (models). However, the work of 
Darcy [1] that led to Darcy's Law and the work of Planck in 1900 [2] for a private company, which led to 
the famous Planck's black body radiation distribution, are notable exceptions. Therefore, it seems more 
likely that expedient solutions are more a characteristic of some individual scientists, and greater 
awareness on the part of the scientific community could discourage such behaviour. 
This international conference provides an excellent opportunity to explore strategies for strengthening 
the S-P-A community. Perhaps reducing the pervasive influence of academic disciplines and sub-
disciplines would reduce impediments to integration; however, disciplines are part of the academic 
governing structure and not likely to disappear. In an ideal world we scientists would be completely open 
to exploring the many possibilities in neighbouring disciplines by taking as much time as necessary, but 
the reward system does not seem to favour this reality if one wants to have continued employment. 
Another alternative might be to develop integrative centres much like the atmospheric modelling 
community has done to advance complex General Circulation Models. A final suggestion is that the S-P-
A community could establish some general criteria for acceptable practices for validating the predictive 
power of S-P-A models; however, the S-P-A community may not be coherent enough to do that. 
Regardless of the approach, I believe that studies of the S-P-A system would benefit immensely from 
revisiting some basics in how we engage in what we do. Therefore, in this paper I will illustrate two 
challenges facing S-P-A studies: 1) how the disciplinary academic structure can present barriers to S-P-A 
progress using development of the Precision Agricultural Landscape Modelling System (PALMS) as an 
example, and 2) developing a perspective for expanding the domain of S-P-A studies to reduce the 
influence of excessive institutional structural constraints.  
Before getting into the details of this paper, I want to make a few general comments. This article may 
appear to some as a critique of investigators in hydrology or soil physics, but it is more of a confession 
than a critique. Having worked as an academic researcher in meteorology, agronomy, botany, forestry and 
soil physics (environmental biophysics), I supported excessive institutional structures for most of my 40-
year career. However, recent studies have led me to recognize the challenge of balancing too little versus 
too much structure in our institutions of science. This article is an attempt to increase awareness of the 
challenges we face is studying the S-P-A system.  
2. Example of academic disciplinary barriers to S-P-A understanding 
The S-P-A-system example that I want to use to illustrate disciplinary barriers relates to partitioning 
precipitation into fluxes of runoff and infiltration at the soil surface of an agricultural landscape using an 
approach that can assist growers with their on-farm, site-specific management challenges. Numerous 
formulations describing runoff and infiltration exist in the hydrology and soil physics literature, and 
Molling et al. [3] have tabulated characteristics of 17 such models; although this list was not exhaustive, it 
was representative of models that might reasonably be expected to meet the objectives of Molling et al.'s 
effort. Most of these models were applied to agricultural landscapes. However, none of them met a set of 
criteria set up by Molling et al. [3] to meet realistic grower needs through professional agricultural 
consultants, which included robust and physically-based descriptions of hydrological and biophysical 
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processes for generality, continuous year-around simulation, explicit representation of topography and 
crop management incorporating spatial soil heterogeneity in three dimensions, inclusion of key 
precipitation-dependent processes such as soil consolidation, and reasonable computational efficiency. In 
addition, no 'calibration' should be permitted so all parameters are defined independently of variables. 
This surprising result of a year-long literature search led Molling et al. [3] to create the Precision 
Agricultural Landscape Modelling System (PALMS) by integrating information from various disciplines 
of S-P-A literature. Why, after more than 50 years of research on this subject, do existing approaches 
have such major shortcomings? One hypothesis is that such oversights are the result of the way we do 
science—something that is better understood by philosophers and historians than practicing scientists 
[4,5].  
The structure that facilitates exploration of the unknown evolves with growth of the knowledge base, 
and this structure is initially invaluable but can become overbearing with time. When one or a few 
persons pursue the challenge of finding a creative solution to a societal problem, existing knowledge that 
is deemed appropriate is used and intuitive empiricism from easily accessible experimentation is used to 
fill in the gaps between that existing state of understanding and the desired outcome. This is a reasonable 
way to get a quick solution to a problem. However, an unfortunate human tendency is to solidify the 
facilitating structure around those initial creative persons through awards, positions of power or 
institutional structures with the intent to continue development. Unfortunately this unknowingly creates 
excessive intellectual inertia [6] with a disciplinary structure that will persist almost indefinitely and 
retard future efforts. In the early stages, structure is a servant to exploration, while in the later stages it is a 
master of future exploration. Max Planck, who received the Nobel Prize in 1918 for pioneering work on 
the quantum theory, captured the essence of intellectual inertia implicit in scientists and their disciplines; 
"A new scientific truth does not triumph by convincing its opponents and making them see the light, but 
rather because its opponents eventually die, and a new generation grows up that is familiar with it." [7] Of 
course he exhibited similar intellectual inertia when faced with the Copenhagen Interpretation (see 
http://en.wikipedia.org/wiki/Copenhagen_interpretation) of reality. Do scientists who are initially 
motivated by exploring the unknown end up serving an out-dated institutional structure? 
Consider this challenge of understanding the partitioning of rainfall at the soil surface between 
infiltration and runoff—a problem that involves soil and water with institutional structures in science and 
engineering—and involves reductionist and synthesis approaches having physical and disciplinary 
boundaries that mostly coincide at the soil surface. Hydrology has traditionally emphasized larger spatial 
scales where water flows off soils (runoff) and swells streams. Soil physicists have traditionally 
emphasized smaller scales where water infiltrates the soil surface and is stored in a porous matrix for 
plant use. To compound the challenges, the interactions of water and human management at the soil 
surface are dynamic and appear to be a "middle number" system; that is, a system where the number of 
interacting objects is too large to characterize individually but too small to be amenable to statistical 
descriptions [8]. This study of the partitioning of rainfall at the soil surface has all the ingredients for a 
challenging scientific enterprise.  
The task that Molling et al. [3] faced with assembling PALMS, their S-P-A model, provides a glimpse 
of how obstructive a disciplinary structure can become. They met with several major obstacles that 
seriously extended the development period, and which appeared to arise from the lack of communication 
between researchers in disciplines of hydrology and soil physics and the sub-disciplines of soil physics 
and soil morphology (pedology). Some major issues were the following: 1) overly-simple infiltration 
formulations (based on work in 1911) that compromised complex runoff formulations, 2) serious 
instabilities in the state-of-the-art two-dimensional (2-d) spatial hydrologic model for runoff related to 
inadequate treatment of ponded water, 3) inadequate treatment of the crucial role of systematic roughness 
associated with tillage, and 4) incompatible formulations of precipitation-dependent soil consolidation 
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that had a major effect on the partitioning between infiltration and runoff as well as soil detachment and 
erosion. 
2.1. Imbalance of process-level formulations for infiltration and runoff 
The partitioning of rainfall at the soil surface is characterized by one of two approaches: 1) infiltration 
into the soil is modelled in detail and then runoff is the difference between rainfall and infiltration based 
on the surface water balance, or 2) runoff from the soil is modelled in detail and infiltration estimated 
from the difference between rainfall and runoff. One of the most popular models that used this second 
approach was a simple empirical method based on many plot measurements of runoff that was developed 
by the U.S. Department of Agriculture, Natural Resource Conservation Service, and is referred to as the 
"Curve-Number Approach" [9]. This Curve-Number approach is widely used for long-term planning 
purposes. Of course, other empirical methods are used to, such as the Unit Hydrograph, but they are less 
common. 
Calculating infiltration first and using the surface water balance to estimate runoff is the most common 
process-level approach to partitioning rainfall at the soil surface for individual rain events. Infiltration has 
been characterized using many approaches in soil physics [10] from simple [11] to complex [12], but 
most have been based on diffusion principles applied to homogeneous media. Because real soils, as 
opposed to laboratory-packed columns, have large, connected pores (macropores), many macropore 
models were explored by soil physicists and hydrologists, but no single model was adequate for landscape 
implementation [13]. Hydrologists proceeded to use simple versions of what was available to them, such 
as Green and Ampt [11], and often took the hydraulic parameters for the various soils from Walter Rawls 
work [14]; these parameterizations are appropriate for redistribution of stored water but not generally 
applicable to infiltration (Rawls, personal communication). The difference between infiltration and 
redistribution parameters can be an order of magnitude or more. This mistake arises because considerable 
familiarity with soil physics is required to understand this subtlety and the disciplinary barriers mean that 
often specialists in hydrology do not realize that collaboration may be required to avoid such pitfalls. By 
neglecting another critical process, surface sealing, hydrologists and soil physicists offset some of the 
error in hydraulic parameterization. Because runoff was calculated from the difference between rainfall 
and infiltration, infiltration being calculated first, the elegant runoff formulations were compromised by 
the over-simplified infiltration calculation. Unfortunately, disciplinary barriers result in persistence of 
hydrologic runoff models that contain over-simplified infiltration codes, and hydrologists will continue 
the process of 'calibration' to adjust for inadequate formulations. 
In PALMS, initially the Green and Ampt [11] model was adjusted to accommodate macropores with a 
table of adjustment factors that depended on soil texture and structure [15]; this adjustment permitted 
reasonable agreement between predicted and measured log-normal distributions of infiltration hydraulic 
conductivity over a landscape using redistribution hydraulic conductivities tabulated from literature. 
Ultimately, a macropore infiltration model was implemented for PALMS, which is discussed below.  
The soil structure that gives rise to macropores is a key property that allows life to thrive in soils by 
permitting rapid infiltration and storage of water and ready access to air. Soil structure is complex and 
maintained by natural processes including wetting-drying, freezing-thawing, plant roots and small soil 
animals. Soil structure is characterized by soil morphologists and mapped over continents so such data is 
readily available for all 20,000 different kinds of soil in the U.S. It seems obvious that physicists and 
hydrologists would build this critical factor into infiltration models, but that did not happen. I suggest that 
one reason for this oversight by soil physicists was a preoccupation with elegant math and lack of 
appreciation for the semi-quantitative approach soil morphologists took to characterize soil structure—
essentially a sub-disciplinary barrier. A macropore model is critical for landscape applications; however, 
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a simple macropore model developed for PALMS [16], which could be easily parameterized 
independently with physical and morphological data from the sub-disciplines of soil physics and soil 
mapping, was rejected by a primary journal outlet for soil physics papers, delaying publication. The main 
reason for rejection was that the model was "too simple" even though it was validated with field data. 
Presumably it was 'too simple' in comparison to the many detailed macropore models in soil physics that 
contained so many unobtainable parameters that they were unusable for landscape applications. Thus the 
model eventually was published in a journal more often used by pedologists. This Macropore-and-Matrix 
model of Lepore et al. [16] simulates macropore flow realistically and includes shrink-swell properties of 
soils, which also are widely mapped. Most high-productivity agricultural soils contain moderate amounts 
of smectitic clay, which causes shrinkage upon drying and produces cracks that can easily intercept 
massive amounts of very high intensity rainfall before closing. To this author's knowledge, no runoff-
infiltration model includes such a macropore submodel other than PALMS, and the impact of this 
addition is formidable.     
Surface sealing, which depends on cumulative precipitation energy, is another phenomenon causing 
variable infiltration rates; it usually has not been included in hydrologic models. Unfortunately most soil 
physicists also neglect surface sealing in infiltration models because of its structural complexity, but it 
can be an important process because it restricts water movement through the surface and can inactivate 
macropores by blocking their inlets. Although quantification is challenging and few equations exist, a few 
do exist in the grey literature and have been implemented in PALMS [3].   
2.2. Instabilities in runoff formulations 
In the late 1990's, the state-of-the-art in runoff routing in hydrology was the numerical implementation 
of the diffusive wave equation [17,18] (or see http://www.engr.colostate.edu/~pierre/ce_old/Projects/CASC2D-
SED%20Web%20site%20082506/CASC2D-SED-Home.htm). The advantage of this approach over the older 
kinematic wave equation was that the slope of the water surface dictated the driving force for the water 
flow instead of the slope of the topography. However, when these equations were coded and applied to an 
actual precision mapping of a real agricultural landscape (centimetre level elevation precision in a Global-
Positioning-System mapping), apparent instabilities in the solution appeared and created checkerboard-
like patterns in cumulative infiltration. Apparently the solution used by hydrologists to avoid this 
instability was to remove shallow basins from the topographic inputs—ultimately smoothing the 
topography and excluding the important hydrologic process of ponding from consideration in the model. 
This adjustment reduces some of the benefit of using the diffusive wave solution in the first place. Since 
micro-topographic basin features are a common characteristic of most landscapes, the approach taken by 
hydrologists seemed to be an expediency that may have arisen from a disciplinary barrier that was deeply 
enough engrained for the investigators so that they were unaware of it. This instability seemed to be 
associated with the diffusive wave equation itself, because damping viscous terms in the generalized 
equation were omitted in the diffusive-wave version to simplify the solution. Apparently these 
instabilities are generated by free-water surfaces or ponding in mini-basins. In the case of PALMS, a 
specialist in numerical analysis was brought in as a cooperator and eventual co-author, and he 
implemented a simple numerical fix that prevented the solution from approaching zero divided by zero as 
the step intervals in space and/or time approached zero. This permitted the diffusive wave solution to 
accommodate moderate ponding on landscapes—a fundamental phenomenon to re-infiltration that is a 
common feature of most realistic landscapes. These ponding conditions are precisely the conditions 
where the slope of the water surface departs substantially from the slope of the landscape below and 
exploits the full advantage of the diffusive wave equation.  
21 John M. Norman /  Procedia Environmental Sciences  19 ( 2013 )  15 – 25 
The early developers of the hydrological-model implementation of the diffusive wave equation built an 
unnecessary intellectual inertia into hydrologic modelling by requiring modification of the topography in 
unrealistic ways before executing the model. Presumably the main interest of hydrologists was the stream 
flow out of the watershed, so potentially questionable constraints on topography were assumed to be 
acceptable. Of course, this may or may not be true without testing, but later application to sub-watershed 
processes would propagate this questionable premise without revisiting its acceptability. After all, once 
this practice of modifying the topography becomes acceptable in hydrology, few hydrologists would be 
inclined to question it and challenge the dogma. Fortunately, hydrologists can overcome most any model 
deficiency by using the undesirable process of  'calibration' to adjust model predictions to stream flow 
measurements. In the case of PALMS, the interdisciplinary approach of including a numerical analyst 
produced a more general solution to the problem so that representative topographic data could be used 
directly as input. As will be discussed later, the inclusion of shallow ponding is critical to simulating 
agricultural landscape processes, especially in Midwestern U.S. where landscape potholes are ubiquitous. 
2.3. Systematic roughness from tillage 
Surface roughness is an important phenomenon that is simulated in most infiltration and runoff 
models, because the micro-depressions store water so that runoff does not begin until the micro-
depressions fill. However, infiltration continues with the partially filled micro-depressions, increasing the 
effective hydraulic conductivity and activating the macropore flow. Random roughness is relatively 
simple to simulate and is implemented in virtually all infiltration-runoff models. However, systematic 
roughness, which is absolutely critical in agricultural landscapes, is not generally simulated in hydrologic 
models, but some attempts have been made in agricultural runoff models. In diffusive wave runoff 
models, water moves down the slope of steepest descent, but with tillage, the water moves in the furrows, 
which can make any angle to the slope—a major difference. Furthermore, tillage can have a tremendous 
effect on soil loss, with contour tillage potentially greatly reducing erosion. An experiment at Arlington 
Research Station in Wisconsin used a 100-m wide plot of silt loam soil that was 30-m long with a 
uniform 5% slope. One half of the plot width was chisel ploughed up and down the slope, and the other 
half of the width was chisel ploughed across the slope. Following a heavy rain, 5 – 10 cm of sediment 
from deep rills was deposited across a 3-m width of waterway at the base of the slope below the half of 
the plot with tillage up and down the slope. No sediment or rills were apparent in the other half of the plot 
with furrows across the slope. Tillage can have a profound impact on runoff and erosion and is a variable 
of first order importance. 
On steep slopes (>15%) detention structures are commonly installed to reduce runoff losses and 
subsequent erosion. If a runoff model, like PALMS, can simulate ponding in such retention basins, then 
not only are runoff predictions greatly improved, but implications for the water distribution influence of 
these structures on crop growth is automatically accommodated. Surface ponding is a phenomenon that 
should be accommodated in all runoff models. Unfortunately nearly every hydrologic model has ignored 
this phenomenon, and disciplinary barriers favour persistence of this oversight. 
2.4. Incompatible formulations of soil consolidation 
Soil consolidation is a critical process that occurs as roughened bare soil becomes smoothed and sealed 
from the momentum impact of raindrops, chemical processes, and adhesion forces between water and 
soil. For applications to agricultural soils that undergo tillage, this process can result in runoff increasing 
from negligible amounts immediately after tillage to most of the precipitation after much rain, because 
infiltration through the thin layer of sealed or crusted soil at the surface is decreased and macropore inlets 
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can be blocked. In addition, the surface roughness decreases so the resistance to overland flow declines 
considerably. Hydrologic runoff models tend to neglect this phenomenon completely [19], and one 
agricultural runoff model simulates it as a function of time [20]. Since this soil consolidation is the same 
process as surface sealing, the same functional dependence on rainfall energy can be used for both surface 
sealing and soil consolidation. Again I suspect that this oversight is the result of insufficient familiarity 
with active research in soil science caused by disciplinary and sub-disciplinary barriers–a problem that 
could easily be overcome by cooperation between scientists. Curiously, a well known hydrological runoff 
and erosion model [19] simulates the crop and land influence using coefficients from an empirical, long-
term, climatological erosion model [21], which is used mainly for planning and does not even consider 
runoff. This mismatch of components would be unlikely to occur if soil scientists and hydrologists 
cooperated closely in the model development; certainly using information from the event-based Water 
Erosion Prediction Project [20] would have been more suitable. Unfortunately, once a major effort is 
made to create a complex 2-d diffusive wave runoff-erosion model, the intellectual inertia is maximized 
and formulations are not likely to be revisited for a long time in hydrology, so inadequacies persist.  
3. A broadened perspective including the human observer 
The previous discussion emphasizes the importance of a 'human behavioural factor' in exploring the 
unknown. Understanding how we function as human beings is critical to how we conduct our science. 
The disciplines of hydrology and soil science were born out of curiosity, love of learning, creativity and 
service to the community at large. The disciplinary structures that evolved to support these endeavours 
served a useful purpose of sustaining the activity to the point of a useful outcome for the greater 
community. However, the prolonged existence of these disciplinary structures has resulted in their 
becoming obstructions to sustained growth of knowledge, understanding, and ultimately service to the 
larger community by becoming our masters instead of our servants. Structure is a wonderful servant but a 
tyrannical master; it can ultimately limit our creative abilities and mire the human spark with 
counterproductive rigidity. I believe that such is the case with most academic disciplines today, including 
hydrology and soil physics, which have become isolated from the greater community by a large-scale 
science structure that connects us to that greater community primarily through funding—a medium of 
exchange rather than a deeper human connection. The importance of overcoming disciplinary barriers and 
integrating service to the greater community at large may be useful for avoiding further backlash from 
that wider community who support the science endeavour—a backlash that is well understood to be 
growing [22]. Consider the role of the Agricultural Extension Service in the U.S., which is credited with 
major responsibility for agricultural revolutions over the past century and a half of mechanization, 
fertilization and hybridization. This extension service has been in serious decline for 30 or more years, 
reflecting a growing disinterest of the scientific establishment in the needs of the wider community that 
supports them. The decline of this once vital Extension Service is so severe that the current revolution in 
site-specific agriculture is being led by industry instead. The time seems right to look more closely and 
systematically at how we do our science by careful examination of the interaction between institutional 
structures and the intentions and motivations associated with our work. 
3.1. Individual intentions and motivational priorities  
Individual motivational priorities can have a profound influence on how we scientists conduct our 
work. Like any human being, we have many factors to consider as we live our lives, and the priority we 
place on these factors profoundly influences how we do our work. Our motivational work priorities may 
be many, but certainly they include the quality of our work and responding to institutional reward systems 
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such as publication pressures, research money, stature, salary, recognition awards, National Academy 
status, celebrity status, influence, national pride etc. Our integrity, or the quality of our work, must be the 
strongest motivation of the list above, and we should work to promote a system that fosters this. 
However, first we must openly discuss and recognize its importance. 
We human beings create our understanding by interacting with our reality through honest 
interpretation of what we observe; that is, acting with integrity. I suggest that our intentions, whether we 
recognize them or not, play an essential role in guiding this creative process, so knowing our intentions is 
critical to the nature of the outcome of what we are doing. As researchers who study the S-P-A system, 
we have observed that self-organized processes, like life, sustain themselves through cycles. Perhaps we 
humans have a choice of how we self organize, but the resulting cycle of our living may be sustainable or 
not, depending on our intention. If we begin this human exploratory cycle with observation, then through 
creative interpretation we create material constructions that expand our ability to observe (for example 
sensing instruments) and further interpret these new observations; ultimately, we may create material 
constructions that alter our reality for a wider and wider community. Thus this human exploratory cycle 
involves observation–interpretation–action–observation… . A relevant human exploratory cycle (say 
hydrology) may begin with an intention to foster a greater material good for a limited community by 
addressing a circumstance that is resulting in human suffering. Ideally the observation–interpretation–
action cycle spins up to scales that include a wider and wider community; however, suppose that the 
combination of our intentions and how we define this 'community' set the course for this observation–
interpretation–action cycle and ultimately determine whether the necessary evolving structures are 
sustainable. To me, for this cycle to be sustainable, it must incorporate all the major elements that are 
affected by the human actions; otherwise, neglected major elements will eventually undermine the 
inadequate motivations.  
Consider the example of hydrology where the observations of human suffering associated with floods 
and droughts led to constructing precipitation and river-discharge observing networks. Through creative 
interpretation of these refined observations, the concept of watershed processes emerged; namely, rapid 
movement of rainfall to rivers caused flash floods (from surface runoff), and slowed movement of rainfall 
water through underground networks (from infiltration) by storing water for later use and reducing 
flooding. This knowledge made it possible for decision makers to regulate practices on key watersheds to 
enhance infiltration. Initially these institutional structures served humanity reasonably well. More 
elaborate structures were created to sustain research (academic and some government agencies) and 
promote practices (government agencies) to improve living conditions mainly for humans. These 
institutional structures continued to implement practices that were known to be unsustainable (for 
example, prolific dam building) because of their inertia; thus, the institutional structures became a kind of 
master rather than a servant. As it became evident that the definition of the 'community' was too narrow, 
consisting of mainly human life and property, the institutional structures supporting the original, 
narrowly-defined cycle persisted. Considerable sacrifice has been required to overcome this inertia and 
expand the community definition to include environmental factors. Similar intellectual inertia occurred 
with the academic structures, which drifted further and further from societal needs.  
The discipline of soil science experienced similar evolution, but the primary motivation centred on 
sustaining food production in the presence of variable weather. Since water availability for plant growth 
is one of the major constraints on food production, soil physicists became most interested in infiltration 
and water storage and less concerned about runoff. Eventually as agricultural practices caused serious 
deterioration of the landscape threatening future food production, soil scientists began to focus on the loss 
of soil because it became an immediate problem. Interestingly, early soil loss formulations did not even 
consider runoff, the mechanism that creates water erosion. Communication between hydrologists and soil 
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scientists was thus minimal for decades. Even today the communication is inadequate, and overbearing 
academic structures in the form of disciplinary fragmentation is certainly contributing to this schism.  
 In the past our intentions have emphasized alleviating human suffering through domineering control 
mainly for the benefit of human communities. Suppose that this collective intention is too narrow so that 
the cycle of observation-interpretation–action will create unstable imbalances that ultimately will 
collapse, because humanity depends on elements that it does not incorporate in its planning and thus does 
not value. This seems to have been a recurring cycle over the eons of human history. If we are to 
overcome this recurring cycle, we need to make awareness of our motivating intention a priority in the 
exploration process itself. I suggest the following: We set our intention to achieve the greatest good and 
define the community as all we observe. In this context 'good' might be challenging to define so it 
remains as something to evolve with the exploration process by being as inclusive as possible. This broad 
intention may appear unachievable; clearly, it will slow the creation of fragmented partial solutions with 
expedient shortcuts to robustness. If we do not have an inclusive intention, we risk fragmenting the 
scientific community in the same way that the actions that arose from our inadequate motivation 
fragmented the greater Earth community. In essence, the qualities of our motivation equate to the qualities 
of the evolving institutional structure, and only a high quality structure will be sustainable. To that end, 
perhaps mending the decades long schism between philosophers of science and practitioners of science 
[4] might serve a most useful purpose. Bauer [4] implies that practicing scientists preferred their idealized 
descriptions of science to the interpretations of philosophers who actually observed what scientists did. 
Propagating such bias about how we scientists do our work, which is counter to our own accepted 
standards of how to expand our understanding, is hypocritical and counterproductive. I suggest that it may 
be time to reach out to the philosophers of science to give us a candid view of what we do and help us 
improve our work.   
The ability of a particular scientific community to revisit its relationship to the society at large, which 
it presumably is supposed to serve, appears to be quite limited given the way science actually works [4], 
as opposed to the often idealized descriptions of science by practicing scientists themselves [23]. 
Therefore, considerable resistance to the introduction of controversial proposals should be expected [24].  
As a final word, history informs us that we should not get too comfortable with well-worn paradigms 
and maintain too much allegiance to our current understanding. Consider the current situation in 
cosmology: apparently only about 5% of the mass-energy of the universe is composed of mass as we 
know it (that is, composed of atoms and the familiar two dozen or so subatomic particles that make up the 
'Standard Model') while another 25% appears as dark matter (http://en.wikipedia.org/wiki/Dark_matter), 
about which very little is known because it does not interact with visible mass or energy as we know it 
but responds mainly to gravity. Most of the universe, perhaps 70%, may be composed of dark energy 
(http://en.wikipedia.org/wiki/Dark_energy), about which very little is known. Basically, in a few decades 
cosmologists have gone from a relatively clear picture of the universe to something more akin to 
befuddlement. Clearly these kinds of situations are common in science [6] so that we scientists always 
should be open to new possibilities. Unfortunately, ample evidence exists for this usually not being the 
case [4,24,6]. However, by now we should know better than to automatically exclude new approaches 
mainly on the basis of bias while promoting existing disciplinary structures, and always allocate some 
resources to exploring non-traditional avenues. 
If nothing else, perhaps we will make a serious effort to be more aware of human tendencies that can 
undermine our work without our realizing it. At the very least, it behooves us to keep a more open mind 
about what is happening in neighboring disciplines. 
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